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Inducing a robust long-range magnetic order in diamagnetic graphene remains a challenge. While
nitrogen-doped graphene is reported to be a promising candidate, the corresponding exchange mech-
anism endures unclear and is essential to tune further and manipulate magnetism. Within the
first-principles calculations, we systematically investigate the local moment formation and the con-
current interaction between various defect complexes. The importance of adatom diffusion on the
differential defect abundance is discussed. The individual nitrogen complexes that contribute to-
ward itinerant and a local magnetic moment are identified. The magnetic interaction between the
complexes is found to depend on the concentration, complex type, sublattice, distance, and orien-
tation. We propose that the direct exchange mechanism between the delocalized magnetic moment
originating from the itinerant pi-electron at the prevalent graphitic complexes to be responsible for
the observed ferromagnetism. We show that B co-doping further improves ferromagnetism. Present
results will assist in the microscopic understanding of the current experimental results and motivate
experiments to produce robust magnetism following the proposed synthesis strategy.
I. INTRODUCTION
The absence of intrinsic magnetism in graphene limits
its application in spintronics and is being actively per-
suaded since it was first isolated. [1, 2] However, the mag-
netism can be induced in graphene due to the pz electron
imbalance in bipartite hexagonal sublattice, [3–5] elec-
tron localization at the zigzag edge, [6–12] interaction
with a spin-orbit coupled ferromagnetic substrate, [13–
15] structural defect creation, [16–22] and heteroatom
doping. [23, 24] However, a long-range magnetic order
in graphene can only emerge through the exchange cou-
pling between these induced local moments.
Hydrogen absorption on graphene creates an imbal-
ance in pz electrons between the two sublattices, which
in turn generates a net magnetic moment. [5] Further,
the spin-polarized state is observed to extend over several
nanometers through the scanning tunneling microscopy
(STM) experiment. This spatially extended magnetic
state provides a channel for direct coupling between the
induced magnetic moments at large distances. The half-
filled flat band at the Fermi level produces localized mag-
netic moments at the zigzag edge of a graphene flake, [6]
and a long-range order has been predicted. [7–12] How-
ever, the edge magnetism is predicted to be very intri-
cate as it is strongly affected by the shape and size of the
flakes, charge doping, chemical functionalization at the
edge, and on-site Coulomb interaction. [9, 11] Proximity-
induced exchange-coupled ferromagnetic order sets in
graphene sheet at room temperature while places on an
atomically flat ferromagnetic thin film insulator. [13–
15] The smallest structural defect, a lattice vacancy in
graphene generates a semi-localized magnetic moment
due to the pi electron imbalance in addition to a σ con-
tribution from the dangling bond. [17, 19–22] Thus, pro-
ton irradiated graphene and graphene with a network of
point defects show magnetic ordering. [16, 18] Similarly,
the larger lattice defects such as grain boundaries with
dangling bonds are theoretically predicted to have mag-
netic moment. [25] However, the experimental evidence
of a magnetic ordering remains scarce and controver-
sial. [18, 20, 26–29] While a room temperature ferromag-
netism is predicted, [18, 26, 27] defected graphene with
vacancies and other sp3 defects lead to paramagnetism
and devoid of any magnetic ordering down to low tem-
perature. [20, 28, 29] Furthermore, in the cases where fer-
romagnetic signals have been detected, the origin of such
long-range ordering remained unexplained. The presence
of d-electrons in transition-metal impurities induces a lo-
cal moment in pristine and defected graphene. [23, 30]
However, only a paramagnetic ordering has been ob-
served in this transition-metal doped graphene samples
that were investigated through the X-ray magnetic cir-
cular dichroism measurement. [31]
In contrast, the substitutional and sp3 impurities have
attracted much attention with intriguing but elusive
magnetic properties. The itinerant sp-electron Stoner
ferromagnetism in a narrow impurity band is fundamen-
tally different from the magnetism induced by the d-
band of transition metals. [32] Such sp-electron ferromag-
netism may lead to a higher Curie temperature than the
usual dilute magnetic semiconductors. The adatom im-
purities like hydrogen and fluorine exhibit strong absorp-
tion and induce magnetic moments [3, 4, 33, 34] due to
sublattice imbalance in pi-electrons following Lieb’s the-
orem. [35] While the hydrogenated graphene show mag-
netic order at 5 K, [5] the fluorine doped graphene reveals
paramagnetic behaviour. [18, 21] In this context, the sub-
stitutional N-doped graphene attracted much attention,
which exhibits robust ferromagnetism. [24, 36–40] How-
ever, the corresponding Curie temperature and satura-
tion magnetization are reported to show a strong depen-
dence on the growth, annealing strategies, and nitrogen
concentration, which hinder a careful microscopic analy-
sis. A variety of nitrogen complexes are generated dur-
ing the non-equilibrium synthesis, while N-concentration
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2and the type of defect complex determines the elec-
tronic and transport properties. [24, 36–49] Recently, the
room-temperature ferromagnetism was reported in boron
and nitrogen-doped turbostratic carbon films grown via
pulsed laser deposition technique, while the saturation
magnetization is observed to increase with increasing N-
doping. [50] However, even with such efforts, the nature
and microscopic mechanism of magnetic interaction are
not well understood in N-doped graphene, which is nec-
essary to tune and manipulate magnetism toward its suc-
cessful applications.
Within the first-principles calculations, here we sys-
tematically investigate the electronic and magnetic prop-
erties of various N-defect complexes in graphene. Fur-
ther, how these defects interact with each other and lat-
tice vacancies are studied to understand the mechanism
responsible for the observed ferromagnetism. We report
that the long-range magnetic interactions show a strong
dependence on the N-concentration, complex type and
on which sublattice they reside, distance, and orienta-
tion. We observe that the magnetism in the graphitic and
vacancy containing N-complexes are fundamentally very
different, and propose that the observed ferromagnetic
order originates from the direct exchange between the
extended magnetic states of the graphitic defects. Fur-
ther, we investigate the crucial role of boron co-doping
in the ferromagnetism.
II. COMPUTATIONAL DETAILS
The spin-polarized density functional theory based cal-
culations [51, 52] were performed within the projector
augmented wave formalism, [53], and the wave functions
were expanded in a plane-wave basis with 600 eV kinetic
energy cut-off. The exchange-correlation energy was de-
scribed using the conventional Perdew-Burke-Ernzerhof
(PBE) form for the generalized gradient approximation
(GGA). [54] The structures were fully relaxed until all
the forces became smaller than 0.015 eV/A˚ threshold us-
ing the PBE functional. The Brillouin zone was sampled
using a Γ-centered 8×6×1 k-grid for the structural opti-
mization, and a much dense Γ-centered 24×18×1 k-grid
was used for the evaluation of density of states (DOS)
and magnetization density. The subsequent N-doping
was carried with the 4×3(√3, 3)a0 and 10×5(
√
3, 3)a0
rectangular supercells, where a0 is the C–C bond length
in graphene. The periodic images of the supercell along
the direction perpendicular to the graphene sheet are sep-
arated by at least 12 A˚ distance. It is known that the
self-interaction error inherent to the conventional GGA
functional results in spurious electron delocalization and
incorrect magnetic solutions for adatom doping and va-
cancy defects in graphene. [34, 55, 56] In this regard, we
recalculated the electronic and magnetic properties using
the Heyd-Scuseria-Ernzerhof (HSE06) [57] hybrid func-
tional as well as using the strongly constrained and ap-
propriately normed (SCAN) meta-GGA functional. [58]
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FIG. 1. Schematic representation of defects in N-doped
graphene. Apart from the lattice vacancies (a), chemisorbed
(b), various graphitic [single graphitic N (c), meta-graphitic N
pair NAA (d), para-graphitic N pair NAB′ (e), graphitic 3N (f),
triazine (g)], and different vacancy containing N-complexes
[pyridinic (h), pyrrolic (i)] are investigated. A and B repre-
sent the two graphene sublattice.
While the inclusion of fractional exact exchange for
HSE06 hybrid functional improves the description of the
electronic structure and the magnetization density, it is
computationally expensive. In contrast, since the semilo-
cal SCAN meta-GGA density functional satisfies all the
known exact constraints for the exchange-correlation en-
ergy and the self-interaction error is reduced, it should
better describe the thermodynamic, electronic and mag-
netic properties of materials. Indeed the SCAN func-
tional predicts these properties correctly for diverse ma-
terials with a similar computational cost to the conven-
tional GGA. [59, 60] In the present context of defect mag-
netism and the concurrent interaction between them, we
further validate the applicability of the SCAN functional.
The results are obtained within the SCAN functional if
it is not otherwise stated.
III. RESULTS AND DISCUSSION
Before we investigate the magnetic interactions be-
tween the moment generating defect complexes in N-
doped graphene, we first address the local magnetism
produced by these individual defects. In addition to
the lattice vacancies, the common defects in N-doped
graphene are chemisorbed, graphitic and vacancy con-
taining nitrogen complexes (Figure 1). [24, 36–48] As the
treatment of exchange-correlation may affect the elec-
tronic and magnetic description of these defects, here we
compare the PBE, hybrid HSE06, and SCAN meta-GGA
functionals.
A. Magnetism of individual defects
Single vacancy. Magnetic properties of single vacancy
defect in graphene are still studied and debated. [17, 20,
21, 55, 56] The Jahn-Teller distorted V1(5|9) vacancy
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FIG. 2. The dual origin of vacancy magnetism in graphene
and its evolution with carrier doping. Positive (negative)
concentration indicates electron (hole) doping. While the pi-
component of the magnetic moment is quenched under carrier
doping, the σ-component remains protected. The inset rep-
resents a schematic energy diagram indicating defect induced
and spin-split localized pi and σ states along with the bulk
pi bands for the Jahn-Teller distorted V1(5|9) vacancy. This
schematic picture explains the evolution of the magnetic mo-
ment of a lattice vacancy with varied carrier doping. While
the magnetism is correctly described by the SCAN meta-
GGA exchange-correlation functional, the PBE-GGA func-
tional underestimates the moment.
[Figure 1(a)] generates defect induced localized σ and
pi states, Vσ and Vpi (Figure 2). Thus, the magnetic mo-
ment of V1(5|9) vacancy has two components. [21, 22]
The pi-electron imbalance in the bipartite graphene lat-
tice should generate 1 µB moment according to the Lieb’s
theorem. Additionally, the singly occupied dangling σ-
bond should provide with another 1 µB moment, leaving
the total vacancy moment to 2 µB . However, the pi-
magnetism is suppressed within the conventional GGA
description of exchange-correlation due to improper de-
localization of electrons in the Vpi orbital. Thus, the
magnetic moment of V1(5|9) is underestimated to 1.5
µB within the PBE exchange-correlation functional (Fig-
ure 2, Table I), similar to that predicted earlier. [17] Fur-
ther, the moment depends on the supercell size, and thus
on the vacancy concentration. [61] The picture is slightly
improved while a fraction a
HF
of Hartree-Fock exact ex-
change is considered in the HSE06 functional and 1.6
µB moment is predicted at the vacancy for aHF=0.25.
A further increase in a
HF
to 0.4 ensures a 2 µB mo-
ment at the vacancy. In contrast, treating the exchange-
correlation with SCAN meta-GGA functional describe
the magnetism correctly with 2 µB moment for the va-
cancy (Figure 2, Table I).
Similarly, the corresponding electronic structure de-
pends on the exchange-correlation functional. While a
metallic solution emerges within the PBE and HSE06
functionals, the SCAN functional correctly predicts a
gapped band structure. This result is consistent with
the diverging resistivity observed in irradiation induced
defected graphene with about 1012 cm−2 vacancy concen-
tration, which indicate insulating behaviour. [62] This
was latter theoretically corroborated in graphene with
high vacancy concentrations and an insulating solution
with a large bandgap was proposed. [63, 64] Further,
while the defect induced Vσ state shows a large spin-
splitting above 2 eV originating from the JT reconstruc-
tion, the splitting for the Vpi is small, about 250 meV
(Figure 2). This prediction is consistent with the recent
STM experiment, where the spin-polarized pi density of
states (DOS) peaks at the defect site are observed to be
separated by 20-60 meV. [22] It should be noted here that
in such experiments the Vpi spin-splitting may be affected
by a metastable vacancy geometry or by its interaction
with the substrate.
We find the vacancy magnetism to be robust against
carrier doping with a realistic concentration, [65] as the
position of the Fermi level is tuned (Figure 2). The
graphene with a neutral V1(5|9) defect is intrinsically
hole doped, and one extra electron on a large 10×5 (√3,
3)a0 supercell corresponds to 1.89×1013 cm−2 carrier
density. The extra electron occupies the unfilled V↓pi state
destroying the pi-electron imbalance in the two bipartite
sublattices. Thus, the pi-component of the vacancy mo-
ment is completely quenched (Figure 2). In contrast,
the σ-component of the magnetic moment is protected
against carrier doping. Increasing the electron doping
beyond 1.89×1013 cm−2 does not further affect the mag-
netic moment (Figure 2) At higher electron density the
unoccupied bulk pi-states get filled, while the unoccupied
V↓σ state lies much higher in energy and is impossible to
populate with any realistic carrier density. The carrier
concentration dependent differential charge density cor-
TABLE I. Magnetic moment of the defect complexes in
Figure 1 severely depends on the treatment of exchange-
correlation energy. We compare the moments calculated
with conventional PBE, hybrid HSE06 (aHF=0.25) and SCAN
meta-GGA functionals, where the later better describes the
moment. While the HSE06 calculations were carried out with
4×3 (√3, 3)a0 supercell, the 10×5 (
√
3, 3)a0 supercell was
used for the calculations with PBE and SCAN density func-
tionals.
Defect
Magnetic moment (µB)
PBE HSE SCAN
(a) Monovacancy 1.5 1.6 2.0
(b) N adatom 0.9 1.0 1.0
(c) Graphitic N 0.0 0.1 1.0
(d) Meta-graphitic N pair (NAA) 0.0 0.4 2.0
(e) Para-graphitic N pair (NAB′) 0.0 0.0 0.0
(f) Graphitic 3N (G3N) 0.9 1.0 1.0
(g) Triazinic N (T) 0.9 1.0 1.0
(h) Trimerized pyridinic N (TPY) 0.2 1.0 1.0
(i) Trimerized pyrolic N (TPI) 1.0 1.0 1.0
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FIG. 3. Adatom diffusivity DC/N calculated within the har-
monic approximation, DX =
1
4
a′
X
Γ0e
−Ea
X
/kBT , where a′
X
is
the jump distance for the X = C/N diffusion, and Ea
X
is
the corresponding activation barrier. Γ0 (= Πiν
I
i/Πjν
TS
j ) is
the jump prefactor, where νIi and ν
TS
j are the frequencies of
harmonic vibrational modes corresponding to the structures
at the initial and saddle point. Very high diffusivity of C
and N adatoms on graphene, especially in the temperature
range 800-1300 K relevant to growth and annealing condi-
tions, [24, 36–46] indicates self-healing of the vacancy defects
and promotes the formation of graphitic N-complexes. Both
adatoms are absorbed at the bridge-site, and the two different
diffusion mechanisms are shown in the inset.
roborates this picture. [66] The scenario with hole doping
is different only qualitatively. The σ-component is unaf-
fected, and hole doping does not quench the pi-moment
completely indicating the particle-hole asymmetry in de-
fected graphene (Figure 2). The semi-localized V↑pi state
is only partially depopulated and a fractional pi-moment
survives. [21, 67] Therefore, while the pi magnetism in
graphene vacancy could be completely quenched with suf-
ficient carrier doping, the spin- 12 σ-magnetism is robust.
In the context of differential defect abundance in N-
doped graphene, it is relevant to investigate the C and
N adatom diffusion on graphene lattice. The C and
N adatoms are absorbed at the bridge site with 1.51
and 0.9 eV binding energy. We calculate the activa-
tion barrier for adatom diffusion within climbing im-
age nudged elastic band method. [68] In agreement with
the previous calculations, [69, 70] the calculated acti-
vation barriers are found to be 0.43 and 0.86 eV, re-
spectively, for C and N diffusion (Supplemental Ma-
terial). [61] Such low activation barrier results into a
very high diffusivity DC/N at the experimental growth
and annealing temperatures (Figure 3), and the adatoms
will quickly recombine with the graphene vacancies.
Therefore, due to high adatom mobility, it is expected
that the graphene vacancies will be annihilated to de-
crease in concentration and from graphitic N-complexes,
while annealed at high-temperature or non-equilibrium
growth conditions. [24, 36–46] This prediction is consis-
tent with the experimental observation of pyridinic to
graphitic defect conversion during postannealing at high-
temperature. [42] Further, the diffusion mediated self-
healing has been observed in scanning transmission elec-
tron microscopy. [71, 72]
N-adatom. The chemisorbed N-adatom [Figure 1(b)] is
a p-type defect with the impurity state above the Fermi
level. A localized magnetic moment of 1 µB is generated
from the in-plane N-orbitals (Table I). However, due to
the high N diffusion on graphene (Figure 3), such adatom
defect may not be present and effectively contribute to
magnetism in graphene samples that are prepared and
annealed at high-temperature. In contrast, high N dif-
fusion will further promote the formation of graphitic
N-complexes.
Graphitic nitrogen defects. The appearance of Dirac
point (DP, ED) in graphene band structure is very sen-
sitive to external perturbations, and the breaking of
sublattice symmetry induces a substantial gap at the
DP. [73–75] Thus, all the graphitic N-defects are expected
to generate a gap at ED. Single graphitic nitrogen [Fig-
ure 1(c)] introduces an impurity state near the Fermi
level and induces a 0.60 eV gap at ED. An overall semi-
conducting electronic structure emerges and the results
are consistent with the STM measurement. [76] Further,
an exchange splitting of 18 meV is observed between the
majority and minority spin channels, which results in
itinerant pi-magnetism along with a small 0.06 µB mo-
ment localized at the N-site. However, the total moment
generated by this defect strongly depends on the treat-
ment of exchange-correlation energy (Table I) and de-
fect concentration shown in Supplemental Material. [61]
While the SCAN functional correctly generates 1 µB mo-
ment, the moment strongly depends on the fractional ex-
act exchange a
HF
in HSE06 functional. While the conven-
tional HSE06 functional (a
HF
=0.25) underestimates the
moment (Table I), it gradually increases with increasing
a
HF
and generates 1 µB moment for aHF=1. In contrast,
in agreement with an earlier report, [77] the conventional
PBE functional fails to produce any spin-splitting and a
non-magnetic solution emerges. Therefore, the SCAN
meta-GGA functional provides the correct magnetic pic-
ture over other exchange-correlational functionals.
The graphitic complexes with two nitrogens NAA and
NAB′ have been experimentally identified [Figure 1(d)
and (e)]. [44–46, 49] Due to the sublattice asymmetry in
these n-type complexes, the DP is destroyed, and within
the SCAN functional a 0.31 and 0.50 eV gap emerges at
the ED for NAA and NAB′ complexes, respectively. The
overall electronic structure is found to be defect specific
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FIG. 4. Spin-polarized projected density of states calculated
using the (10×5)-(√3,3)a0 supercell for the graphitic and
vacancy containing N-complexes. Substitutional N-doping
opens up a gap at the Dirac point ED and the electronic
structure becomes n-type. In contrast, the vacancy contain-
ing defects display p-type semiconducting behaviour.
as a half-metallic (semiconducting) solution is observed
for the NAA (NAB′) defect in the large 10×5 (
√
3, 3)a0 su-
percell. The overall results here are in agreement with the
experimental results as the character of electronic DOS
near the Fermi level is consistent with the STS measure-
ments. [44, 46] The exchange-split bands generate itiner-
ant magnetism and a small moment of 0.06–0.08 µB is
generated at the N-sites, which are coupled ferromagnet-
ically (antiferromagnetically) while the nitrogen atoms
occupy the same (different) sublattice. This fact results
into 2 and 0 µB moments for the NAA and NAB′ pairs, re-
spectively (Table I). While the results from the different
exchange-correlation functionals are compared, a similar
picture emerges as discussed for the single graphitic N-
defect.
While the triazine (T) complex [Figure 1(g)] is thermo-
dynamically slightly more favorable over the graphitic-
3N (G3N) complex [Figure 1(g)], both of these defects
are formed at the non-equilibrium growth conditions.[61]
The graphitic-3N complex could also be produced when a
highly mobile carbon adatom diffuses into the lattice va-
cancy in the trimerized pyridinic and pyrrolic complexes
in the bulk regions of graphene. In both the defects [Fig-
ure 1(f) and Figure 1(g)], all three nitrogen atoms occupy
the same sublattice leading to a sublattice asymmetry,
which in turn destroys the DP and consequently open up
a gap at the ED (Figure 4). The overall electronic struc-
ture is half-metallic for the T-complex, and the same is
found to be semiconducting for the G3N-complex (Fig-
ure 4). It is important to note that such half-metallicity
induced asymmetric electron transport for different spin
components could have significant implication in spin-
based devices. To gain further insight into the mag-
netism, we investigate the differential charge density and
the corresponding magnetization density (Figure 5). The
N N
N
N N
N
N
N N N
N
N
(a) (b)
(c) (d)
FIG. 5. Magnetization density for graphitic and vacancy
containing N-complexes: (a) triazine, (b) graphitic-3N, (c)
trimerized pyridine and (d) trimerized pyrrolic defect. Red
and blue colour indicate the up and down spin density, re-
spectively. While the magnetism in graphitic N-complexes is
mostly itinerant in nature, the magnetization density demon-
strates that a very significant fraction of the moment is local-
ized at the N-sites for the vacancy containing N-complexes.
C→N pi-electron transfer creates Lieb’s imbalance and an
exchange split pi-band emerges, which is responsible for
the itinerant magnetism that is confirmed form the mag-
netization density [Figure 5(a) and (b)]. In addition, a
hybridized nitrogen impurity state is observed near the
Fermi level, which is responsible for a tiny N-moment
of ∼ 0.05 µB . Note the C-atom at the centre of G3N-
defect acquire a comparatively larger localized moment
of 0.25 µB [Figure 5(b)]. These together result into a to-
tal moment of 1 µB for these graphitic defect complexes
(Table I).
Thus, in general, the electronic and magnetic struc-
ture of the different graphitic defect complexes are re-
markably similar. First, all of them open up a gap at
the ED due to sublattice asymmetry, which is consistent
with the the angle-resolved photoemission spectroscopy
results. [42] Second, the exchange-split pi-band generates
itinerant magnetism, while the localized moment at the
N-site is small about 0.03–0.09 µB . While the overall
electronic structure of the graphitic complexes are defect
specific, all of them are found to be n-type, which are in
overall agreement with the STS results. [44, 46, 76]
Vacancy containing nitrogen defects. Now we explore
the defect complexes wherein the N atoms are incor-
porated in a vacancy. The trimerized pyridine (TPY),
where three N atoms occupy the same graphene sublat-
tice surrounding a vacancy [Figure 1(h)] is energetically
6favoured over the mono and dimerized pyridines. [47] The
1.33 A˚ C−N bonds are consistent with experimental val-
ues for pyridinic complexes. The N atoms form an equi-
lateral triangle with 2.61 A˚ sides, which is larger than
the triangular unrelaxed vacancy with 2.46 A˚. Further,
this complex is found to be p-type and the Bader anal-
ysis indicates a 0.9-1.12 e/N charge transfer to nitrogen
from carbon.
The magnetism in such vacancy containing nitrogen
defects is rather intricate, and a detailed investigation
into the electronic DOS (Figure 4) and the magnetiza-
tion density [Figure 5(c)] unravel the origin of 1 µB mo-
ment for this complex. Unlike the bare vacancy, the σ
component to the moment is completely ruled out due
to the presence of occupied σ-state that originates from
the undercoordinated N atoms (Figure 4). In contrast,
the moment is of entirely pi character and originates
from the localized N-pz and itinerant C-pz states with
an exchange-splitting of 11 meV. As a result, a sizeable
localized moment of 0.15 µB is observed at the N-sites
for this complex and a fraction of the total moment origi-
nates form the itinerant magnetism [Figure 5(c)]. In con-
trast to the SCAN functional, the PBE results provide a
very contrasting picture. First, the moment is substan-
tially underestimated (Table I), and further, the moment
originates from the localized σ-state at the N-sites with-
out any pi contributions. However, the STM and STS
investigations of the monomerized and trimerized pyri-
dine reveal an electron density distribution that is con-
sistent with the pz states of the vacancy defect and thus
corroborate the results obtained with the SCAN func-
tional. [22, 76, 78]
The trimerized pyrrolic (TPI) complex is formed when
a single N atom is absorbed in a divacancy to form a pen-
tagon and rest of the undercoordinated C atoms are also
substituted by N in Figure 1(i). The pentagonal C−N
bonds (1.41 A˚) are larger in comparison with the other
C−N bonds (1.33 A˚). Similar to the TPY-complex and
bare vacancy, this complex has p-type character. The
electronic DOS calculated within the PBE and SCAN
functionals show qualitatively similar features, and the
unoccupied σ-states originating from the N-impurities
appear just above the Fermi level (Figure 4). The calcu-
lated magnetization density indicates that a large frac-
tion ∼ 80% of the total 1 µB moment is localized on the
nitrogen atoms and only a small fraction originates from
the delocalized pi-band [Figure 5(d)]. Further, due to the
proximity of the unoccupied σ-states to the Fermi level,
a slight perturbation through the charge doping will ad-
versely affect this localized σ component of the moment.
Therefore, the magnetism in the vacancy containing N-
complexes is fundamentally different from the graphitic
defects. While the magnetism in graphitic defects is en-
tirely itinerant, a very significant fraction of the mo-
ment is localized at the N-sites in vacancy containing
N-complexes. Thus, in the absence of a strong exchange
path, one would not expect that such localized magnetic
moments in these vacancy containing defect complexes
to contribute significantly to the high-temperature ferro-
magnetism. Indeed, the role of this particular defect on
the observed ferromagnetism has remained controversial.
[24, 36, 38]
B. Magnetic interactions
Although nitrogen-doped graphene is reported to show
ferromagnetism, the microscopic mechanism is not yet
understood and resulted in conflicting arguments. [24,
36–40] The appearance of a diverse Curie temperature
with varied growth and annealing conditions makes the
microscopic analysis very complicated as the differential
defect abundance may fluctuate drastically in the sam-
ples. A long-range magnetic order in nitrogen doped
graphene can only emerge when the moment generat-
ing defects are exchange coupled. Thus, we investigate
the magnetic interactions between the abundant defect
complexes.
The single vacancy in graphene lattice generates a ro-
bust semi-localized moment. However, the interaction
between the vacancy moments is sublattice dependent.
Vacancies in the same sublattice are coupled ferromag-
netically, whereas they prefer antiferromagnetic align-
ment when placed on different sublattices. Further, the
magnetic interaction sharply falls to zero below 1 nm dis-
tance due to semi-localized nature of the moment. [79]
Thus, a randomly distributed vacancy in graphene will
not lead to any magnetic ordering, which is consistent
with the results predicting paramagnetism. [20, 28, 29]
Moreover, it should be noticed in this context that,
the existence of a vacancy in the N-doped graphene is
rare due to the very high C and N adatom mobility
at the high-temperature growth conditions (Figure 3),
which leads to self-healing of vacancy or the formation of
graphitic N-defect.
Single graphitic nitrogen defect is similar to the pris-
tine vacancy. For two substitutional atoms on the (dif-
ferent) same sublattice, the spin-configuration is (anti-)
ferromagnetic. Moreover, the interaction strength de-
cays fast with increasing separation and follows an in-
verse power law, and the long-range interaction may de-
velop through Ruderman-Kittel-Kasuya-Yosida (RKKY)
mechanism. [77] Thus, a statistically random distribu-
tion of single graphitic nitrogen will not result in high-
temperature ferromagnetism that has been reported so
far. [24, 36–40]
A very complex picture emerges when we explore the
interactions between the larger defects. Here, we address
two distinct regimes of N-doping that is motivated by
several experimental observations. [24, 37, 39, 50] It has
been unanimously pointed out in the literature that ferro-
magnetism emerges at a critical N-concentration around
5 at. % and above which the saturation magnetization
and coercive field increase further with increasing the
concentration. Thus, we consider N-concentration be-
low 5 at. % and in the 8−13 at. % range, and investi-
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FIG. 6. Interaction energy between the N-complexes EDD
′
int
in graphene is calculated in the low concentration limit (3 at.
%) with varying distances and orientations along the zigzag
and armchair directions. Independent of the interacting de-
fect types, the magnetic coupling is observed to be sublat-
tice depended. The defects on the equivalent (opposite) sub-
lattice are coupled ferromagnetically (antiferromagnetically).
Such sublattice dependent magnetic interaction will not lead
to the observed ferromagnetism in nitrogen-doped graphene.
In contrast, these complexes interact very differently in the
high N-concentration limit, which is discussed in the text.
gate how the concentration influences the magnetic in-
teraction. In this regard, we calculate the interaction
energy EDD
′
int between two magnetic defects D and D′ as,
EDD
′
int = (E
DD′
m − EDD
′
nm ) − (EDm − EDnm) − (ED
′
m − ED
′
nm)
and shown in the Figure 6. The energies corresponding
to the magnetic and non-magnetic solutions for the in-
teracting defects are EDD
′
m and E
DD′
nm , while E
D/D′
m and
E
D/D′
nm represent magnetic and non-magnetic energies of
the isolated defects.
First, we discuss the long-range magnetic interaction
between the graphitic defects in the low N-concentration
limit and investigate how it is affected by the spatial
separation and direction between the defects (Figure 6).
Two interacting T−T, G3N−G3N, and mixed T−G3N
defects in a (10×5)-(√3,3)a0 supercell represents 3 at. %
N-concentration. At such a low concentration and for all
these types of defect interactions, we notice some general
trends [Figure 6(a) and 6(b)]. (i) These defects mostly
prefer to occupy the same graphene sublattice, (ii) owing
to the itinerant nature of the individual moments in these
graphitic defects, the interaction between them is long-
range, and (iii) the nature of magnetic interaction be-
tween the defects is entirely dictated by their respective
sublattice [Figure 7(a)–(d)]. For the defects on the equiv-
alent (opposite) graphene sublattice, the magnetic inter-
action is found to be ferromagnetic FM (antiferromag-
netic AFM). The picture remains unaltered regardless of
the spatial separation and relative orientation between
the defects along the armchair and zigzag directions (Fig-
ure 6). Although the nature of the magnetic moment in
these defects is completely different, the sublattice de-
pendent magnetic interaction is in complete agreement
with results predicted by the RKKY interaction between
the localized moments on the bipartite graphene lat-
tice. [80, 81] While these defects mostly prefer to occupy
the same sublattice DAD′A over the DAD′B configuration,
during the non-equilibrium growth process the defects are
equivalently distributed over the two graphene sublattice.
Therefore, the sublattice dependent FM and AFM inter-
action will restrict the observation of FM order at such a
low concentration of nitrogen. This picture is consistent
with the experimental observation that FM ordering is
not found below 5 at. % N-concentration. [24]
Now we turn our attention onto high N-concentration,
and two interacting T−T, G3N−G3N, and mixed
T−G3N defects in a (4×3)-(√3,3)a0 supercell corre-
spond to 12.5 at. % N-doping. The sublattice depen-
dent magnetism for such high N-concentration changes
dramatically. In contrast to the AFM interaction, a
FM interaction with spontaneous magnetization emerges
while the defects that are placed on the different sub-
lattice [Figure 7(e)–(g)]. However, such FM structure
is found when the defects are interacting along a par-
ticular direction, which is along the zigzag direction
for T−T interaction [Figure 7(e)] and along the arm-
chair direction for the G3N−G3N [Figure 7(f)] , and
mixed T−G3N [Figure 7(g)] defect interactions. Thus,
at high N-concentration, the graphitic T and G3N de-
fects are responsible for the observed ferromagnetism.
Further, the concentration of the graphitic T-complex
may be increased by using the triazine-based precursor
during the growth using the chemical vapour deposition
technique. [82] Moreover, a suitable postannealing strat-
egy may convert the vacancy containing pyridinic and
pyrrolic defects to graphitic G3N-complex. [42] There-
fore, we conclude that such sample preparation strategies
may give rise to robust ferromagnetism with improved
Curie temperature. This discussion is consistent with
the recent observation of room-temperature ferromag-
netism in turbostratic N-doped graphene films, where the
T-defect is found to be the most abundant complex. [50]
Further, in the high concentration limit of 8.3 at. % N-
doping, we investigate the interactions between the two
NXX defects, and between the T-complex and a single
graphitic N-defect. Both these interactions follow the
usual sublattice dependent magnetic couplings. While
the NAA− NAA and TAAA−NA interactions are found
to be ferromagnetic, the NAA− NBB and TAAA−NB are
observed to be antiferromagnetic. Therefore, such defect-
defect interactions are not responsible for the observed
ferromagnetism in the N-doped graphene.
In contrast to the graphitic N-defects, the vacancy con-
taining complexes do not contribute to ferromagnetism.
8(a) TAAA−TAAA, 2µB (b) TAAA−TBBB, 0µB
(c) G3NAAA−G3NAAA, 2µB (d) G3NAAA−G3NBBB, 0µB
(e) TAAA−TBBB, 2µB (f) G3NAAA−G3NBBB, 2µB
(g) TAAA−G3NBBB, 2µB
(h) TAAA−BA, 2µB (i) TAAA−BB, 2µB
FIG. 7. The calculated magnetization density reveals the corresponding magnetic interactions between the defects, which
are highlighted with a triangle or circle. In the low N-concentration limit of 3 at. %, the graphitic defects follow the usual
sublattice dependent magnetic interaction. (a)–(d) The defects on the (opposite) same sublattice are (anti-) ferromagnetically
coupled. However, the picture changes at the high N-concentration limit (12.5 at. %) and crucial exceptions to the usual
sublattice dependent magnetic occur. (e)–(g) In specific crystallographic direction of graphene lattice, the defects are coupled
ferromagnetically, regardless of their sublattice. Such ferromagnetic interaction between the graphitic N-defects is responsible
for the observed ferromagnetism. (h)–(i) The interaction between the T-complex and the single graphitic B-defect is always
ferromagnetic, independent of the sublattice. Thus, B co-doping promotes ferromagnetism in N-doped graphene and increase
the saturation magnetization, which is consistent with the recent experimental observation. [50] Red and blue colour indicate
the up and down spin density, respectively.
Moreover, in accordance with the experimental observa-
tion, [42] we have discussed earlier that the C-adatom
is highly mobile on the graphene lattice (Figure 3), and
thus the vacancy containing TPY-defect complex will be
converted into the graphitic G3N-complex during high-
temperature growth and annealing. Therefore, the con-
centration of this defect will be negligibly small. How-
ever, for completeness, we have investigated the magnetic
interaction between two TPY-complexes in both the low
and high concentration limits. Unlike the graphitic T-
and G3N-complexes and independent of N-concentration,
the TPY−TPY magnetic coupling is AFM (FM) for de-
fects on the opposite (equivalent) sublattice. Further, the
picture is independent of defect orientation and separa-
tion [Figure 6(c)]. Thus, this vacancy containing defect
will not play any role in the ferromagnetism in N-doped
graphene.
C. Effects of boron co-doping
Motivated by the recent observation of room-
temperature ferromagnetism in boron and nitrogen
doped turbostratic carbon films, [50] we further investi-
gate the effect of B co-doping on the ferromagnetism. No-
tably, we consider a small B co-doping in the limit of high
N-concentration that is responsible for the observed fer-
romagnetism. Due to very-low B-concentration, we have
only considered graphitic single B-defect and ignored the
possibility of the larger B-complexes. We also ignored
the chemisorbed B-defect, as in this configuration, the
B-adatom is expected to be very mobile similar to the C
and N adatoms (Figure 3), and consequently form single
graphitic B-defect.
In contrast to the single N-defect, the graphitic B-
defect leads to p-type behaviour due to electron defi-
ciency. The C–B bonds are found to elongated (1.49
A˚) compared to the C–N bonds (1.41 A˚) in the graphitic
N-defect and a B → C charge transfer takes place. How-
9ever, similar to the single graphitic N-defect, the B-defect
also results in an itinerant magnetism with 1 µB moment,
where a very small 0.03 µB moment is localized at the
B-site. In contrast to the repulsive and sublattice depen-
dent N−N magnetic interactions, the N−B interaction
is found to be attractive, and a completely compensated
AFM structure emerges, which is independent of the sub-
lattice. Further, we investigate the interaction between
this graphitic B-defect and the prevalent graphitic N-
defects, T and G3N complexes with 1 µB moment each.
Surprisingly, the BA/B affects the overall picture signif-
icantly. The interaction between these graphitic defects
and the BA/B is found to be attractive, which is opposite
to their interaction with single graphitic N-defect. In-
dependent of their respective sublattice, the interacting
TAAA−BA/B [Figure 7(h)–(i)] and G3NAAA−BA/B con-
figurations generate a total moment of 2 µB , while for all
cases, the compensated AFM magnetic structure is found
to be energetically much unfavourable. A closer look at
the magnetization density reveals that the resultant 2
µB moment arises due to the sublattice imbalance of the
itinerant C-pz electrons. This finding is consistent with
the recent experimental observation of increased satura-
tion magnetization in N-doped graphene due to B co-
doping. [50] Therefore, we argue that small B co-doping
will enhance ferromagnetism in nitrogen-doped graphene.
IV. SUMMARY
The microscopic origin of ferromagnetism that is ob-
served in N-doped graphene has remained elusive. [24,
36–40] The difficulty to comprehend arises due to the
complex dependence of magnetism on N-content and on
the corresponding differential defect distribution origi-
nating from the varied growth and annealing details. In
this context, we systematically investigate the moment
formation and the intricate magnetic interaction between
various defect complexes within the first-principles cal-
culations. The C and N adatom diffusion on graphene
plays a very important role in healing vacancy contain-
ing defects and generating graphitic N-complexes. The
magnetism in the graphitic N-complexes are found to
be fundamentally different from the vacancy containing
complexes. While an itinerant magnetism emerges in
the graphitic N-complexes, a very significant fraction of
the moment is localized at the N-sites for the later. By
comparing the results with PBE and HSE06 exchange-
correlation functional and available experimental data,
we conclude that the SCAN semilocal meta-GGA density
functional provides a better description of the electronic
structure and magnetism in defected graphene. We fur-
ther demonstrate that the vacancy magnetism is robust
against carrier doping.
The magnetic interaction between the defects are
found to be intricate and complex, which depends on
the defect type, N-concentration, defect orientation and
the corresponding distance between them. Regardless of
the defect type and at low N-concentration, the mag-
netic interaction shows a generic sublattice dependence
independent of defect orientation and distance. In agree-
ment with the RKKY interaction leading to sublattice
dependent magnetic interaction in bipartite graphene lat-
tice, [80, 81] the long-range coupling is found to be FM
(AFM) for the defects on the equivalent (opposite) sub-
lattice. Thus, at low N-content, the statistical distribu-
tion of defects on both graphene sublattice will not pro-
duce FM ordering. This result is consistent with exper-
imental observation. [36] Interestingly, the picture dras-
tically changes at the high N-concentration owing to a
direction dependent and sublattice independent FM in-
teraction with spontaneous magnetization for the interac-
tion between the graphitic T and G3N defects. While we
reject the other type of defects through a comprehensive
investigation, we conclude that graphitic T and G3N de-
fects are predominantly responsible for the observed fer-
romagnetism. Further, we predict that an experimental
strategy to increase the concentration of these graphitic
defects will produce robust ferromagnetism with im-
proved Curie temperature. Finally, we demonstrate that
a small amount of boron co-doping will further enhance
the ferromagnetism in N-doped graphene. Thus, while
the present results help us to understand the scattered
and often controversial experimental results, an overall
microscopic understanding and a concurrent experimen-
tal synthesis strategy provided here will motivate new
experiments to control magnetism in nitrogen and boron
doped graphene.
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